A novel air separation system based on permeable membrane gas separation technology was used to cultivate Escherichia coli. The system fulfilled the dissolved oxygen requirements of a culture of E. coli grown on a glucose synthetic medium at a high and constant growth rate of 0.55 h-'. A biomass yield of 45 g (dry weight) per liter was achieved, and no by-product inhibition by acetate or C02 was observed.
The production of microbial biomass for the purpose of obtaining bioactive macromolecules is often achieved by using batch or fed-batch fermentation processes (2, 3) . Under fermentation conditions that satisfy the nutritional requirements of a growing bacterial culture, a logarithmic growth rate can be maintained only if the oxygen supply rate exceeds the requirements of the growing culture and if there is no inhibition by bacterial metabolites. Under these conditions, cell densities as high as 90 g (biomass) per liter may be obtained (5) . The use of compressed pure oxygen as an oxygen source cannot be avoided once the culture achieves a certain cell concentration at a given growth rate (6) . However, physiological, practical, and economic reasons limit the use of pure oxygen to fermentation stages where the regular air supply cannot cope with the dissolved oxygen (DO) requirements of the growing culture. Also, changing the oxygen source during the fermentation requires special equipment and careful control to avoid extreme changes in DO and in pCO2 in the gas phase, which may change the growth or the production patterns of the culture (5; J. Shiloach, unpublished data). Consideration of such difficulties led us to seek an alternative oxygen source for use in a fermentation process of Escherichia coli aimed at achieving maximal biomass production at a high and constant specific growth rate in a glucose minimal medium. Mem Bauer (6) . To avoid precipitation and caramelization during sterilization, the sterile medium was prepared as follows. The phosphate salts were dissolved in deionized water, the pH level was adjusted to 7 by 15% NH40H, and the solution was sterilized in the fermentor. A sterile stock solution consisting of 20 ml of 50% glucose solution, 4.5 ml of MgSO4 solution (0.1 g/ml), and 1 ml of a trace element solution was added to each liter of the cold basal medium. Prior to inoculation, 0.5 ml of p2000 antifoam (Hodag Chemical Corp., Skokie, Ill.) was added to each liter of the fermentation broth. Propagation was performed at 37°C at pH 6.95. NH40H was used to control the pH level at 6.95 throughout the fermentations, which were conducted in a 5-liter fermentor (New Brunswick Magnaferm bench-top fermentation system; New Brunswick Scientific Co., Inc., Edison, N.J.) connected to a computerized control system (Fig. 1) . The computer regulated the pH level controller and maintained the DO level above 30% saturation by adjusting the agitation or the airflow rate. The maximal agitation speed was 700 rpm, and the maximal airflow rate was 2.54 liters/min (1.2 to 0.8 vvm). The control system also monitored PCO2 and P02 in the gas outflow and fluorescence of the growth media. Fed-batch operation was performed according to the technique described by Shiloach and Bauer (6) . A 50% glucose solution containing 8.5 g of MgSO4. 7H20 per liter and a 15% NH40H solution were introduced into the fermentation broth by two peristaltic pumps which were activated simultaneously by the pH level controller. The pumps were set to deliver 8 g of glucose per gram of ammonia introduced into the growth medium. The Avir air separation system (A/G Technology Corp., Needham, Mass.) was used as the source of oxygen-enriched air. This air separation system, based on the permeable membrane gas separation technology (Avir, U.S. patent 4,681,605, July 1987), generated oxygen-enriched air containing 48% 02 at a maximal rate of 2.54 liters/min (Fig. 2) fermentation parameters such as specific growth rates and doubling times.
The difference between the dissolved oxygen supply rate of the fermentation systems under compressed air and under oxygen-enriched air is demonstrated by the two E. coli growth curves shown in Fig. 3a liter. At this cell concentration, the DO became limiting and growth continued at a much slower rate until the culture entered the expected stationary phase. The O2-enriched air supply supported the growth of the E. coli cells at a constant high specific growth rate (0.55 h-') for a longer period of time, resulting in a biomass concentration three times higher (45 g [dry weight] per liter) (Fig. 3b) than that obtained in the compressed air system. The oxygen-enriched culture entered the stationary phase before exhausting the full aeration capacity of the fermentor. The glucose concentration was as high as 20 glliter midway through the fermentations but decreased to 2 g/liter at the late logarithmic phase. Although the acetate concentration increased slowly during the fermentation, a peak concentration of 6 g/liter achieved midway through the logarithmic phase did not impair the growth of these cells.
It is concluded that, under conditions that ensure no oxygen limitation, there is no inhibition by the accumulation of acetate in the media despite the high glucose concentration during the earlier stages of the logarithmic growth. This absence of by-product inhibition agrees with results reported by Pan et al. (5), who observed no inhibition by acetate at concentrations lower than 10 g/liter. The CO2 concentration in the gas phase increased during the course of the fermentations, reaching 16 to 18% at the end of the log phase. These results agree with those obtained by Pan et al. (5) , who reported a decrease in growth rate and biomass yield only at CO2 concentrations higher than 40%. We conclude that in the case of E. coli wild type, the logarithmic growth is affected only by the dissolved oxygen concentration. However, a further increase in the cell density might cause the accumulation of these by-products to an extent where their toxic effect will be expressed. The use of the novel aeration system eliminates not only the DO limitation in fast-growing, high-density cultures of E. coli but also the undesirable effect of excessive DO concentrations.
A comparison of the agitation and airflow demands during the course of E. coli fermentations is shown in Fig. 3c and 3d. It is clear that the agitation requirements of the fermentor receiving an 02-enriched air supply were lower, at cell concentrations higher than 4 g (dry weight) per liter, than those for the fermentor receiving the compressed air supply. These results suggest that such aeration systems may be adopted successfully to fermentation systems involving animal cells or other microorganisms which are sensitive to the high shear forces created by vigorous agitation (4) . Also, the lower demand for airflow with the air separation system may be an advantage in fermentations of highly foam-sensitive microorganisms, such as Bordetella pertiussis (1) .
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